Using a new expression construct, rhamnose isomerase from Escherichia coli was puri®ed and crystallized. The crystal structure was solved by multiple isomorphous replacement and re®ned to a crystallographic residual of 17.4 % at 1.6 A Ê resolution. Rhamnose isomerase is a tight tetramer of four (b/a) 8 -barrels. A comparison with other known structures reveals that rhamnose isomerase is most similar to xylose isomerase. Alignment of the sequences of the two enzymes based on their structures reveals a hitherto undetected sequence identity of 13 %, suggesting that the two enzymes evolved from a common precursor. The structure and arrangement of the (b/a) 8 -barrels of rhamnose isomerase are very similar to xylose isomerase. Each enzyme does, however, have additional a-helical domains, which are involved in tetramer association, and largely differ in structure. The structures of complexes of rhamnose isomerase with the inhibitor L-rhamnitol and the natural substrate L-rhamnose were determined and suggest that an extended loop, which is disordered in the native enzyme, becomes ordered on substrate binding, and may exclude bulk solvent during catalysis. Unlike xylose isomerase, this loop does not extend across a subunit interface but contributes to the active site of its own subunit. It illustrates how an interconversion between inter and intra-subunit complementation can occur during evolution. In the crystal structure (although not necessarily in vivo) rhamnose isomerase appears to bind Zn 2 at a``structural'' site. In the presence of substrate the enzyme also binds Mn 2 at a nearby``catalytic'' site. An array of hydrophobic residues, not present in xylose isomerase, is likely to be responsible for the recognition of L-rhamnose as a substrate. The available structural data suggest that a metal-mediated hydride-shift mechanism, which is generally favored for xylose isomerase, is also feasible for rhamnose isomerase.
Introduction
L-()-Rhamnose (6-deoxy-L-mannose) is the most common deoxy hexose sugar and a component of many polysaccharides, glycosides and glycoproteins in plants. Particularly high levels of concentrations are found in buckthorns (Rhamnacaea), where rhamnose is linked to quercetin (Falbe & Regitz, 1992) . L-Rhamnose is also an important component of mycobacterial cell walls (Gottschalk, 1986; Ma et al., 1997) .
The metabolic pathway for breakdown of L-rhamnose in Escherichia coli is similar to that of glucose 6-phosphate in glycolysis (Wilson & Ajl, 1957; Moralejo et al., 1993) . Rhamnose isomerase (Lrhamnose ketol isomerase, E.C. 5.3.1.14) converts Lrhamnose to L-rhamnulose (6-deoxy-L-fructose, Figure 1 ), which is followed by phosphorylation of the primary hydroxyl group mediated by a speci®c rhamnulose kinase, and ®nally by an aldol cleavage into dihydroxyacetone phosphate, and L-lactaldehyde is catalyzed by L-rhamnulose 1-phosphate aldolase.
Sugars are of fundamental importance in biochemistry and organic chemistry and there is widespread interest in the different types of enzymatically catalyzed reactions in which they are involved. Xylose isomerase, for example, is widely used in the industrial production of highfructose corn syrup. In organic synthesis, application of enzymatic catalysis to carbohydrate synthesis allows for complete chiral control under mild reaction conditions (Fessner, 1998; Fessner & Walter, 1996) .
Knowledge of the three-dimensional structure of an enzyme is the basis for understanding its substrate speci®city. This, in turn, can facilitate the rational redesign of biocatalysts by site-directed mutagenesis towards new substrate speci®cities, and thus open pathways for the production of important building blocks for organic synthesis.
The structures of several ketol isomerases are known, including triose phosphate isomerase (Banner et al., 1975) , glucose 6-phosphate isomerase (Shaw & Muirhead, 1977) , xylose isomerase (Carrel et al., 1984; Farber et al., 1987 Farber et al., , 1989 , phosphomannose isomerase (Cleasby et al., 1996) and L-fucose isomerase (Seemann & Schulz, 1997) . Some of these (e.g. triose phosphate isomerase) are thought to apply an ene-diol mechanism (Rieder & Rose, 1959; Rose, 1975 Rose, , 1981 Davenport et al., 1991) , while others (e.g. xylose isomerase) appear to use a hydride shift mechanism (Farber et al., 1989; Collyer et al., 1990; Whitlow et al., 1991; Allen et al., 1994a,b; Lavie et al., 1994) . In the case of rhamnose isomerase, the mechanism of action was unknown.
A search did not reveal any sequence similarities between E. coli rhamnose isomerase and any other of the aforementioned ketol isomerases. No signi®-cant level of sequence similarity could be detected to any other protein sequence deposited in various databases.
In solution, rhamnose isomerase forms a tetramer of molecular weight 188 kDa, i.e. 47 kDa per monomer (W.-D.F., unpublished results). In Tris buffer the enzyme shows maximal activity at a pH of 7.6 in presence of Mn 2 (Takagi & Sawada, 1964) , and has been reported to require a reducing agent during preparation. Instead of Mn 2 , Mg 2 can partially restore the activity of the puri®ed enzyme. Parachloromercuribenzoic acid (PCMB) acts as inhibitor, the action of which can be reversed by addition of cysteine (Domagk & Zech, 1963) . Since EDTA also acts as an inhibitor it was concluded that a Mn 2 bound to enzymatic sulfhydryl groups constitutes part of the active site (Takagi & Sawada, 1964) .
Results and Discussion

Quality of the final model
The highest-resolution data available (Table 1) were for the selenomethionine variant, and the re®ned structure of this protein will be regarded as the``native'' structure. The ®nal model contains 402 ordered amino acid residues and one divalent zinc cation per monomer, plus 1809 water molecules. With the occupancy of the zinc ion set to 0.7, re®nement led to B-factors that matched those of the liganding residues. Residues 1 through 10, for the most part comprising the histidine tag, are disordered, as is the C-terminal residue 427. In the re®ned``native'' structure (i.e. the SeMet variant), the loop comprising residues 58 through 72 (b1-a1-loop) is completely disordered. The density for residues between residues 300 and 303 is weak. No indication for the formation of disul®de bridges could be found in the electron density. The R-factor is 17.4 % to 1.65 A Ê resolution ( Table 2 ). The rootmean-square deviations between the monomers are between 0.38 and 0.46 A Ê . The free R-factor was 24.1 % but may be of limited signi®cance due to the presence of non-crystallographic symmetry and its use in initial re®nement. Averaged B-factors are 21.3 A Ê 2 for the main-chain atoms, 27.4 A Ê 2 for sidechain atoms and 24.4 A Ê 2 for the whole model. Some 99.3 % of the mainchain dihedral angles fall within the favored regions in a Ramachandran plot (Ramachandran & Sasisekharan, 1968 ) (data not shown). Thr154 and Arg300 fall within``generously allowed'' regions (with Arg300 having weak electron density) and no residues are in``disallowed'' regions (Laskowski et al., 1993) .
Structure of rhamnose isomerase
The four monomers, A, B, C, and D, that comprise the asymmetric unit and form one tetramer are arranged with 222 symmetry (Figure 2) . Each monomer forms a (b/a) 8 -barrel similar to that originally seen in triose phosphate isomerase (Banner et al., 1975;  Figure 3 ). An additional helical domain is formed by residues from N and C-terminal parts of the protein. For ease of reference the a-helices and b-strands within the (b/a) 8 -barrel are identi®ed a1 through a8 and b1 through b8. Two ahelices that precede the barrel are numbered a0 and a0
H , while four that follow are identi®ed as Figure 1 . Representation of the reaction catalyzed by rhamnose isomerase. Both substrate and product occur in solution in cyclic forms (pyranose and furanose, respectively). Before the isomerization ring opening must be catalyzed by the enzyme.
a10, a10
H , a11 and a12 (Figures 3 and 4) . a10 H is essentially an extension of a10. Four a-helices (aO H , a9, a11, a12) are sandwiched against helices a1, a7, and a8 of the barrel. Some 16 N-terminal residues and ten residues from the C terminus form additional helices (a0 and a10) which pack from the outside against these.
Calculation shows that 4660 A Ê 2 (26 %) of the surface of each monomer is buried in tetramer contacts; 2000 A Ê 2 are buried in the A-B interface; 850 A Ê 2 in the A-C interface and 1950 A Ê 2 in the A-D interface, making for a very tightly associated tetramer, rather than a dimer of dimers. Some 1500 A Ê 2 of surface area is buried in the barrel/helical-domain interface (i.e. 9 % of the total barrel surface). The helical domain contributes 1700 A Ê 2 (36 % of the total surface of each monomer buried in tetramer contacts) to the tetramer interface, 300 A Ê 2 of which is due to contacts with B and 1420 A Ê 2 due to contacts with the non-barrel residues of subunit D.
In a search for molecules with a similar threedimensional fold (DALI; Holm & Sander, 1993) xylose isomerase from Streptomyces rubiginosus (PDB accession code 4XIS; Whitlow et al., 1991) was returned with the highest score (Z 27.0, 13 % sequence identity) (Figures 4 and 5) . The highest score for an enzyme other than xylose isomerase was pyruvate kinase (Z 12.5). Both xylose iso- 
, where I(k) and (I) represent the diffraction intensity values of the individual measurements and the corresponding mean values. The summation is over all measurements. The completeness of the data is given for the full resolution range and, in parentheses, for the highest resolution shell, which has a width of 0.1 A Ê .
b The selenomethionine data set was used for the high-resolution re®nement of the structure. c cisPt is the heavy-atom compound cis-Pt(NH 3 ) 2 Cl 2 . RhaI, rhamnose isomerase. For the completeness of the data, the value in parentheses is for the highest resolution shell, with a width of 0.1 A Ê . For the other parameters the value following the slash is the weighting factor used during the ®nal cycles of re®ne-ment. The re¯ections included in the calculation of data completeness do not include those used to determine R-free. The atom discrepancy is the root-mean-square difference between all atoms in the different subunits, considered pairwise. As will be apparent from the weighting factors the four subunits in the``native'' structure were re®ned independently whereas in the rhamnitol complex, for example, they were restrained, to some degree, to be equivalent to each other by non-crystallographic symmetry. merase ( Figure 5 ) and pyruvate kinase share only the common (b/a) 8 -barrel fold with rhamnose isomerase.
Since the result of these searches was dominated by the (b/a) 8 -barrel, a similar search with exclusion of the barrel domain was also carried out. The best agreement corresponded to a superposition of the a0, a10 and a10 H -helices on part of the coiled coil of seryl-tRNA synthetase from Thermus thermophilus (PDB accession code 1SES; Belrhali et al., 1994 ; 10 % sequence identity with the non-barrel domain). It may be noted that Moralejo et al. (1993) observed a sequence identity of 15 % between rhamnose isomerase and fucose isomerase. The crystal structure of L-fucose isomerase from E. coli has since been determined (Seemann & Schulz, 1997) . None of the three domains of fucose isomerase shows (b/a) 8 topology.
Active site
Although xylose isomerase has a sequence identity of only 13 % with rhamnose isomerase (after structural alignment using DALI), the metal binding sites are quite similar ( Figure 6 ). Two adjacent Mn 2 have been reported to bind to xylose isomerase from Streptomyces rubiginosus (Whitlow et al., 1991) , one``structural'' and the other``catalytic''. The structural ion is thought to be responsible for binding of the substrate, initially in its cyclic form. In the rhamnose isomerase structure, an apparent metal ion was found at the corresponding site ( Figure 6 ). Inductively coupled plasma (ICP) atomic emission spectroscopic analysis gave strong evidence that this metal ion is Zn 2 (Table 3) . Although the ICP analysis suggested that Ca 2 might be present, it was discounted in part because was not included in the puri®cation protocol but could have been taken up during the fermentation process and retained by the enzyme. Therefore, the identity of the metal ion in the crystal structure may not correspond to that in vivo. The structural Mn 2 in xylose isomerase is coordinated by two aspartate and two glutamate residues. In contrast, the apparent Zn 2 in rhamnose isomerase uses two aspartate, one glutamate and one histidine residue. No density that might indicate the presence of a second metal ion was observed at the site corresponding to the``catalytic'' Mn 2 of xylose isomerase. Rather, there is weak density in the A subunit at this location (although not in the other subunits) that could be re®ned as a water molecule. In xylose isomerase the``catalytic'' Mn 2 has been suggested to facilitate the isomerization reaction by stabilizing an hydroxide ion (which we will term the``catalytic water'') that shuttles a proton from O2 to O1 (Figure 1 ). The residues surrounding the``catalytic'' Mn 2 site (Asp302, Asp304 and His270) are functionally conserved in the two structures (an aspartate residue is replaced by a glutamate residue, Figure 6 ), although partially disordered in the native structure of rhamnose isomerase. Also, as discussed below, rhamnose isomerase does bind Mn 2 at this site in the presence of substrate.
Inhibitor binding
An electron density map calculated for crystals soaked with L-rhamnitol allowed an unambiguous placement of this inhibitor in the active site ( Figure 7(a) ). L-Rhamnitol binds in a very different mode from that which has been observed for xylitol in xylose isomerase. In particular, the structural Zn 2 is coordinated by O2 and O3 of rhamnitol rather than O2 and O4 as is the case for xylitol. As will be shown below, this has important implications for the validity of the ring-opening mechanism, as it has been proposed for xylose isomerase. The electron density maps, as well as subsequent re®nement, indicated the presence of two water molecules in the immediate vicinity of O1. One (O451 in Figure 7 (a)) is close to the``catalytic metal'' site in xylose isomerase. The other The values give the metal content of 50 pM of rhamnose isomerase and an equivalent volume of protein-free solution as described in Materials and Methods. (O452 in Figure 7 (a)), which corresponds to the catalytic water, is only visible in the A subunit.
Relative to xylose isomerase, the sequence of rhamnose isomerase has an insertion of 11 additional residues following Glu60 ( Figure 8 ). In the native structure this segment appears to be completely disordered, allowing free access of solvent to the active site. Upon binding of L-rhamnitol, however, this segment, which will be named the b1-a1-loop, closes the top of the (b/a) 8 -barrel, covers the active site and excludes the bound inhibitor from contact with bulk solvent (Figure 8 ). The electron density maps and re®nement suggest that the b1-a1-loop becomes essentially as well ordered as neighboring parts of the protein. In association with the ordering of this loop, the sidechain of Phe336 rotates about 135 around w 1 towards the active site. Xylose isomerase has a lysine residue at this position. Entry of the aromatic side-chain of Phe336 into the active-site region forces a rotation of the carboxylate group of Asp302 and a shift of the water molecules at the catalytic metal and the catalytic water sites by 0.5 A Ê towards the inhibitor. The structural Zn 2 , together with its ligand His294, also move by 1.1 A Ê . These are the most pronounced manifestations of a more general contraction of the enzyme into the active site in the presence of the inhibitor. It can be noted in passing that there is also a loop in yeast triosephosphate isomerase that acts as a lid over the active site and becomes ordered on binding substrate (Alber et al., 1987; Joseph et al., 1990; Lolis et al., 1990) . This loop is between the b 6 -strand and the a 6 -helix and is therefore contributed by a different part of the (b/a) 8 -barrel than is the case for rhamnose isomerase.
Binding of substrate
The binding of the natural substrate L-rhamnose was investigated both in the presence and absence of Mn 2 . In the presence of the metal ion the substrate appears to bind in a similar orientation to the inhibitor rhamnitol (Figure 7 (c)) although the difference density (Figure 7(b) ) is weaker. Also, the b1-a1-loop, which appears to become fully ordered on binding the inhibitor, is partially disordered in the presence of the substrate. Crystallographic re®nement suggests that the substrate and the loop can best be modeled assuming an occupancy of about 50 %.
The difference density map (Figure 7 (b)) shows strong density between the catalytic metal and catalytic water. Subsequent re®nement showed that this feature was too electron dense to be modeled as a water molecule, but had insuf®cient density to account for a fully occupied metal ion. The apparent binding of Mn 2 at this site is, therefore, only partial. However, the electron density map (Figure 7(b) ) does not rule out partial binding of a catalytic water in addition to the Mn 2 (cf. Figure 7(a) ).
The X-ray data for the substrate complex shown in Figure 7 (b)) were collected under cryo conditions and do not show any evidence for the presence of cyclic substrate. X-ray data collected at room temperature did not show any density for either the b1-a1-loop or for the substrate, and Figure 4 . Alignment of the sequences of rhamnose isomerase from E. coli (Moralejo et al., 1993) and xylose isomerase from Streptomyces rubiginosus (Wong et al., 1991) , based on the correspondence between the three-dimensional structures. The sequence numbering for rhamnose isomerase used in this Figure and throughout the article corresponds to the pIK61 expression construct which includes the N-terminal His-tag. The numbering of the residues from rhamnose isomerase is given above, that from xylose isomerase below. Residues in red are from the active site of rhamnose isomerase. Residues in cyan are from the b1-a1-loop. The shading of the residues is according to their conservation between rhamnose isomerase and xylose isomerase, as de®ned by ALSCRIPT (Barton, 1993) . Residues from the N and C terminus of rhamnose isomerase are shown in blue and red, respectively, residues from xylose isomerase in green. Both enzymes share the common (b/a) 8 -fold, but their non-barrel domains are substantially different.
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longer soaking times lead to a loss of diffractive properties of the crystals.
The binding of L-rhamnose in the absence of Mn 2 resulted in weaker electron density for the substrate (data not shown) but allowed the loop to be modeled with full occupancy. The C6 end of the substrate could be clearly seen in all four subunits and bound in a manner similar to that of rhamnitol, as well as that of rhamnose in the presence of Mn 2 . The C1 end could not be placed with absolute con®dence but appeared to be rotated such that the O1 hydroxyl occupied the site of the catalytic water. The data were not of suf®cient quality to permit unambiguous re®nement.
Mechanism of action
Substrate recognition
It was noted above that the binding of the inhibitor L-rhamnitol, and to a lesser degree the binding of the substrate, L-rhamnose, causes the b1-a1-loop to cover the active site like a lid (Figure 8 ). By assuming an ordered conformation, residues Leu63 and Ile67 from the b1-a1-loop, together with an array of other non-conserved hydrophobic residues (Val53, Ile105, Tyr106, Phe336) create a hydrophobic environment around the site of the C6-methyl group. This can explain the preferred binding of L-rhamnose over, e.g. L-mannose as a substrate (Eyrisch, 1994) . C6 of the bound inhibitor is, however, somewhat offset from a location that would allow equal interaction with all of the hydrophobic contacts. We therefore placed a model of L-rhamnose in its cyclic form into the active site (Figure 9 ), attempting to superimpose C2, O2, C3 and O3 of the cyclic substrate on the corresponding atoms of the inhibitor L-rhamnitol. At the same time, oxygen atoms O2 and O3 were kept in contact with the structural Zn 2 . In this model, C6 of the cyclic substrate is surrounded by the hydrophobic residues Val53, Leu63, Ile67, Phe144, and Phe336 (the closest approach, 2.6 A Ê , is with Ile67.) This mode of binding includes hydrophobic stacking interactions between the sugar ring and the aromatic system of Trp193 (Figure 9 ). Similar interactions between sugar substrates and aromatic amino acid side-chains are frequently observed (e.g. Weis & Drickamer, 1996) .
Ring opening
In xylose isomerase, ring opening was originally thought to be catalyzed by His54, acting in concert with Asp57 and shuttling a proton between the O1 hydroxyl group and ring oxygen atom of the substrate (Collyer et al., 1990; Whitlow et al., 1991) . This model was challenged by Lambeir et al. (1992) who found that His54 is not essential for catalytic activity and may be responsible for the anomeric speci®city of the enzyme. The structural equivalent to this histidine residue in rhamnose isomerase is His103 (Figure 4 ), the imidazole group of which is 7 A Ê away from the ring oxygen of the modeled 6-deoxy-pyranose. Also the counterpart of Asp57 in rhamnose isomerase is a tyrosine residue (Tyr106; Figure 4) . Thus, the present structure supports the ®nding that this histidine residue is not involved in ring opening. Lambeir et al. (1992) and Allen et al. (1994a,b) have suggested that Lys182 (Lys236 in rhamnose isomerase) or a Mg 2 liganded water molecule catalyzes ring opening. A similar mechanism can be envisioned for rhamnose isomerase. In xylose isomerase (PDB access code 4XIS; Whitlow et al., 1991) the substrate has been shown to shift upon ring opening and to change its mode of coordination with the structural Mn 2 (O2 and O3 in the cyclic form, O2 and O4 in the extended form). The possibility that changes of this sort may occur in rhamnose isomerase remains to be investigated.
Keto-enol isomerization
The mechanism of action for the isomerization of xylose is generally thought to be via a metal- Figure 6 . Superposition of the metal ion binding sites of rhamnose isomerase (residues named and drawn with thick bonds) and xylose isomerase (thin bonds). The two metal ions of xylose isomerase are shown in yellow as larger spheres and the catalytic water as smaller spheres. For rhamnose isomerase the structural Zn 2 is gray and is labeled Zn450, the water molecule or ion at the catalytic metal site, is drawn as an open circle and labeled O451, while the water molecule at the catalytic water site is red. The shifts in the positions of these three sites in the respective enzyme can be attributed at least in part to the replacement of a longer side-chain (Glu217) with a shorter counterpart (Asp267) in rhamnose isomerase. mediated 1,2-hydride shift (Farber et al., 1989; Collyer et al., 1990; Whitlow et al., 1991; Allen et al., 1994a,b) . The ®nding of Zn 2 in the active site of rhamnose isomerase studied here was unexpected with respect to the reported metal-ion preferences (Takagi & Sawada, 1964) . However, this may well be an artifact of preparation. As noted above, the identity and extent of metal binding at the``catalytic'' site is less certain. The crystalline enzyme, prepared in the absence of any metal ion, showed only an apparent water molecule in one of the subunits at this site.
To address the concern that metal ions may have been depleted from the enzyme during puri®cation or crystallization, X-ray data were collected for a crystal soaked in 10 mM MnCl 2 . Difference density maps (not shown) showed additional density at the``structural'' site, con®rming that it was only partially occupied in the parent crystals. There was no additional density at the``catalytic'' site. This tends to con®rm that the``catalytic'' site in the crystals of rhamnose isomerase, in the absence of substrate, is occupied by water rather than a metal ion. Metal ion binding at a single site is in accord with the behavior of xylose isomerase from Streptomyces violaceoruber, where binding of the structural ion (K M > 3.3 Â 10 6 M À1 ; Callens et al., 1988) , is much stronger than binding of the catalytic ion (K M 4 Â 10 4 M À1 ). On the other hand, data collected in the presence of Mn 2 plus L-rhamnose showed partial occupancy of the metal ion at this site. It may be noted in passing that Pb 2 , used as a heavy atom derivative, bound strongly at this site (even in the absence of substrate), with a peak of height 19.6 s in a F o À F o density map (not shown). It is reasonably clear that different divalent metal ions do have af®nity for either the structural site or the catalytic site.
The position of Trp193 of rhamnose isomerase is almost identical to its counterpart in xylose isomerase ( Figure 10 ) and creates a hydrophobic environment in the vicinity of C1 and C2 of the substrate, where the hydride shift is thought to take place. As in xylose isomerase, there is no base in a position suitable for proton transfer between C1 and C2 so that an ene-diol mechanism can be ruled out. If we assume that Mn 2 is bound in the catalytic site together with a water molecule, it is possible to propose a hydride shift mechanism for rhamnose isomerase (Figure 11 ) analogous to that for xylose isomerase. The conserved Lys236 residue, the catalytic metal ion together with Asp302 and the catalytic water molecule could, by analogy to the proposed mechanism for xylose isomerase, assist in the aldose-ketose isomerization reaction through a hydride shift mechanism.
Absence of a catalytic water molecule would still allow for a similar reaction mechanism as has been described for xylose isomerase. In such a scenario Asp302 and His270 together might be able to take over the role of the catalytic water molecule. An active state of the enzyme would have to be restored after every cycle by entry of solvent into the active site, accomplished when the b1-a1-loop becomes disordered and the substrate leaves.
Inhibition by PCMB
As noted above, PCMB acts as an inhibitor (Domagk & Zech, 1963) . Its most likely target is Cys265 which is 5.2 A Ê from the structural Zn 2 . An electron density map for crystals soaked in 100 mM PCMB for 24 hours did not show obvious density at this cysteine residue but did show a 5.2s peak at the Zn 2 site and secondary peak (3.2s) at the``catalytic'' site (data not shown). It is possible, therefore, that PCMB could act as an inhibitor by occluding the substrate binding site and/or by displacement of metal ion(s) at the active site. There is no crystallographic evidence for interaction of PCMB with any other cysteine (data not shown).
Evolutionary implications
Ile67 from rhamnose isomerase and Phe26 from xylose isomerase are in topologically equivalent positions (Figure 10 ). In both enzymes these residues shield the active site from solvent. While Phe26 in the active site of xylose isomerase is contributed from the neighboring subunit in the tetramer, Ile67 in rhamnose isomerase shields the active site of its own subunit ( Figure 12 ). In rhamnose isomerase, no such swapping is observed and no residues from one subunit contribute to the formation of the active site of a neighboring subunit.
In view of the overall structural correspondence of rhamnose isomerase and xylose isomerase, particularly the topological equivalence of the¯exible loop, and in spite of the low level of sequence identity of only 13 %, it is reasonable to assume that both enzymes derived from a common precursor. The different disposition of the b1-a1 loop in the respective structures illustrates how a change between inter and intra-subunit complementation can occur during evolution. We presume that the different conformations adopted by this loop illus- Figure 10 . Superposition of the complex of rhamnose isomerase with L-rhamnitol (wide bonds, residues identi®ed) on the active site region of xylose isomerase (thin bonds). The larger yellow sphere corresponds to the catalytic Mn 2 of xylose isomerase while the smaller yellow sphere indicates the catalytic water. The white sphere labeled O451 corresponds to the putative site of the catalytic Mn 2 , while the red sphere labeled O452 indicates the site of the putative catalytic water. For clarity, the sites of the structural Mn 2 and structural Zn 2 in the respective enzymes are deleted.
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trate equivalent answers to a common requirement: to exclude bulk solvent from the bound substrate. It could well be that the intrinsic¯exibility of the b1-a1 loop, necessary for substrate entry and product release, might also make this loop susceptible to mutations, which would lead to a change between intra and inter-subunit complementation.
The result is reminiscent of domain swapping between two identical protein subunits (Bennett et al., 1995) . Xylose isomerase from E. coli has been observed as dimers and tetramers, the puri®ed enzyme being exclusively tetrameric (Hess et al., 1998) . The enzyme from barley has been described as dimeric (Kristo et al., 1996) under gel ®ltration conditions, where the E. coli enzyme is also dimeric (Hess et al., 1998) . Other species have been shown to dissociate easily from tetramers into dimers under the in¯uence of denaturants (e.g. arthrobac- Figure 11 . Proposed reaction mechanism for rhamnose isomerase. Distances are taken from the complex with rhamnitol assuming the presence of a catalytic water molecule as seen in xylose isomerase. Figure 12 . Superposition of the structures of rhamnose isomerase and xylose isomerase in the vicinity of a subunit interface showing how the respective active sites are constructed in different ways. The active sites are marked by bound inhibitors, shown in yellow. In rhamnose isomerase the b1-a1-loop (red) of one subunit becomes ordered on inhibitor binding and covers the active site of the same subunit. In xylose isomerase the b1-a1-loop (cyan) of one subunit extends across the subunit interface and reaches into the active site of a neighboring subunit.
ter, Rangarajan et al., 1992) . However, the tetramer is the form found and described most predominantly in the literature, and we are not aware of any evidence for a signi®cant role of a dimer/tetramer equilibrium in vivo.
Outlook
These studies provide the basis to create sugar isomerases with new speci®cities. It can be predicted that a change in speci®city may be achieved through manipulation of the amino acid sequence in the hydrophobic region around the site of the C6 end of the substrate. Having the conformation of a (b/a) 8 -barrel, rhamnose isomerase belongs to the class of enzymes with the most common fold known today. The fact that (b/a) 8 -barrels are so widespread proves that they are able to serve as a scaffold for a variety of catalytic activities. The intrinsic stability of this fold, together with the fact that part of the speci®city-determining residues are located within a¯exible loop that is not part of the core scaffold, make rhamnose isomerase an attractive candidate for speci®city alterations by sitedirected mutagenesis within this loop. The high level of stability of the (b/a) 8 -barrel may also bene®t possible applications under non-physiological conditions, as might be encountered in organic synthesis using non-natural substrate analogs. Single-site mutagenesis experiments and inhibitor studies exploring the feasibility of such an approach are underway.
Materials and Methods
Cloning, overexpression, and purification
Cloning
Rhamnose isomerase from E. coli has been puri®ed (Wilson & Ajl, 1957; Domagk & Zech, 1963; Takagi & Sawada, 1964; Izumori et al., 1980) and has also been cloned (Badia et al., 1989; Moralejo et al., 1993; GarciaJunceda et al., 1995) . Following a simple preparation protocol (Badia et al., 1991) crystals were obtained previously (S. Burger, personal communication) but were not of suf®cient quality for a structure determination (Korndo È rfer, 1991) . It was therefore decided to create a new expression construct.
The gene for rhamnose isomerase (Moralejo et al., 1993 ; Swiss Prot accession number P32170) was cloned from E. coli DNA (Sigma, St. Louis, MO) into plasmid pET28b() (New England Biolabs) using PCR methods (Saiki et al., 1985; Mullis et al., 1986) . The expression construct (identi®ed as pIK61) contains DNA coding for the protein plus an N-terminal tag of six histidine residues (Figure 4 ). For overexpression, the pIK61 plasmid was transformed into E. coli strain BL21(DE3)-Gold (Stratagene, La Jolla, CA).
Overexpression
Bacteria were cultured in 4 l fermentors (Applikon, The Netherlands) with Luria-Bertani medium at 37 C in the presence of 0.25 mg/l kanamycin. Protein expression was induced by addition of 1 mM IPTG when the cell suspension had reached an absorbancy at 600 nm of 0.8, and cells were harvested three hours later by centrifugation at 9000 g for ten minutes. Cell pellets were stored at À20 C. A selenomethionine variant of the pIK61 protein was overexpressed and puri®ed following a protocol re®ned (Gassner, 1998; Gassner et al., 1999) . Bacteria were cultured in 4 l fermentors (Applikon, The Netherlands) with M9-Minimal Medium (Sambrook et al., 1989) at 37 C in the presence of 4 % (w/w) glucose, 1 mM MgSO 4 , 5 mg/l vitamin B1 and 0.25 mg/l kanamycin. When the cell suspension had reached an absorbancy at 600 nm of 0.8, methionine production of the cells was shut down by addition of Lys, Thr, Phe (100 mg/4 l each), Leu, Ile, Val and (D,L)-selenomethionine (50 mg/4l each). Some 15 minutes later, protein expression was induced by addition of 1 mM IPTG, and cells were harvested six hours after induction.
Purification
Cell lysis was performed by resuspension of the frozen pellets in 80 ml buffer (300 mM NaCl, 20 mM TrisHCl (pH 8.0)) and sonication (Sonic Dismembrator 550, Fisher Scienti®c, Pittsburgh, PA; 3/4``tip, amplitude 8, 7 minutes) in presence of 1 mg/l DNAse I (BoehringerMannheim, Germany). The lysate was cleared by centrifugation at 35,000 g (2 Â 15 minutes). Glycerol was added to 10 %, imidazole to 5 mM and the lysate applied to a Ni-NTA agarose column (1.0 cm Â 4.5 cm, Qiagen, Valencia, CA) equilibrated in Hepes buffer (10 mM, 100 mM NaCl (pH 8.0)). The protein was eluted in an imidazole gradient at approximately 70 mM imidazole. Fractions containing the protein were pooled, concentrated (Centriprep 10, Millipore, Bedford, MA) and applied to a Superdex TM -200 size-exclusion column (Amersham Pharmacia, Piscataway, NJ) using Hepes buffer, as above.
Neither manganese, zinc, nor BME were added at any stage during the preparation. In line with the behavior of the wild-type enzyme (Badia et al., 1989; Korndo È rfer, 1991) , but in contrast to a more recent report for a Histagged protein (Garcia-Junceda et al. , 1995) , this production and puri®cation protocol was not hampered by occurrence of inclusion bodies or other solubility problems. About 450 mg of pure, soluble, histidine-tagged rhamnose isomerase could be obtained from a 4 l culture.
Metal ion analysis
Protein was concentrated (Centricon 3, Millipore, Bedford, MA) and equal volumes of protein solution and ow-through, as a control, were treated with 1 M HNO 3 (D'souza & Holz, 1999) . ICP metal ion analysis was carried out by the Research Analytical Laboratory at the University of Minnesota, St. Paul, MN.
Crystallization
Sparse-matrix crystallization screens (Jancarik & Kim, 1991) were performed using the hanging-drop vapor-diffusion technique (McPherson, 1982) . On a siliconized glass cover slip 5 ml of protein solution was mixed with 5 ml of the precipitant and equilibrated against 0.5 ml of the precipitant solution. Crystallization experiments were set up at 4 C and room temperature. Hanging drops contained initial protein concentrations of Structure of Rhamnose Isomerase 10 mg/ml in 10 mM Hepes buffer, 100 mM NaCl (pH 8.0).
Crystals of rhamnose isomerase could be obtained under an array of similar conditions. Extensive optimization of crystallization was performed using a robotic workstation (Biomek 2000, Beckman, Palo Alto, CA). Crystals could be seen after one day and reached full size after one week. The largest crystals (up to 0.6 mm Â 0.6 mm Â 0.5 mm) were obtained using a reservoir solution with 0.2 M citrate, 0.1 M Hepes (pH 6.4-7.4), 22.5-30.0 % (w/w) PEG 8000 and 10 % (w/ w) isopropanol at room temperature.
Data collection and processing
Crystals were mounted directly out of the drop in thin wall glass capillary tubes, and data were collected at room temperature on an R-AXIS IV imaging plate area detector with CuK a radiation focused through mirror optics (Molecular Structure Corporation, The Woodlands, TX). X-rays were delivered by an RU200 rotating anode generator (Rigaku, Tokyo, Japan). Crystal to detector distance was 150 mm. Rhamnose isomerase from E. coli crystallizes in space group C2 with unit cell parameters a 169.9 A Ê , b 163.1 A Ê , c 78.2 A Ê and b 110.3
. Estimation of solvent content (Matthews, 1968 (Matthews, , 1976 ) gave a V M of 2.8 A Ê 3 /Da for one tetramer in the asymmetric unit, in agreement with the association state of rhamnose isomerase in solution. Native data to a resolution of 1.9 A Ê could be collected in house (Table 1) .
Small crystals of rhamnose isomerase from the pIK61 construct described above could be cryo-cooled in a À80 C nitrogen stream using Parabar 10312 (Exxon Chemicals, Houston, TX) as cryo protectant. A 1.6 A Ê resolution dataset was collected from a cryo-cooled crystal of the selenomethionine variant (see below) at Stanford Synchrotron Radiation Laboratory, beamline BL7-1 (SSRL), using a crystal to detector distance of 210 mm.
All data were processed and scaled using the programs DENZO and SCALEPACK (Otwinowski & Minor, 1997) . Reduction to structure factor amplitudes was performed with TRUNCATE (French & Wilson, 1978; Collaborative Computing Project Number 4, 1994) .
Heavy atom derivatives, phasing and density modification
Heavy-atom derivatization was carried out through addition of 1 ml of 100 mM aqueous solution of the respective heavy atom salt directly to the protein drop followed by equilibration between 2 and 48 hours. Testing for successful heavy atom derivatization was done using programs from the CCP4 suite (Collaborative Computing Project Number 4, 1994) . Statistics from the program SCALEIT were used to identify derivatives, and heavy-atom binding sites were identi®ed using SnB (Miller & Weeks, 1998; Weeks & Miller, 1999) .
Diffraction data were collected for 40 or so potential derivatives, from which two candidates (Tables 1, 4) were identi®ed by their normal probability analysis plots (Howell & Smith, 1992) . Sites from Pb(OAc) 2 were found with SnB (Miller & Weeks, 1998; Weeks & Miller, 1999) . Sites in the CisPt derivative were identi®ed using phases from the Pb(OAc) 2 derivative and difference Fourier methods. Re®nement of heavy atom sites, phase calculation and density modi®cation were carried out using the program SHARP (De la Fortelle et al., 1997a,b) . After re®nement of four heavy atom sites in the Pb(OAc) 2 derivative and solvent¯attening in SHARP with SOLO-MON (Abrahams & Leslie, 1996) some secondary structure elements could be recognized in the electron density map. The heavy atom sites were inverted at this stage, since the density corresponding to a-helices showed the wrong handedness. The same phases were used for calculation of difference Fourier maps and allowed identi®-cation of 13 heavy-atom binding sites in the cis-Pt derivative, four of which corresponded to the sites in the Pb(OAc) 2 derivative. Re®nement, phase calculation and solvent¯attening in SHARP lead to an electron density that could be used to trace about 30 % of the four monomers in the asymmetric unit. Table 4 shows the statistics for the phase calculation with SHARP.
In-house data collected from crystals of the selenomethionine variant were then used as a third heavy atom derivative. Difference Fourier maps yielded the positions of 31 selenium sites. Incorporation of these in the phasing led to a map which, after re®nement and solvent¯attening in SHARP, allowed tracing and sequence assignment of 400 of the 427 residues in one of the four monomers. Only residues 1 through 10 (which includes the eight-residue His-tag) and 58 to 72 could not be placed. Local symmetry operators were ®rst derived from equivalent selenium sites in the four monomers in the asymmetric unit and improved later by rigid body re®nement of the molecular model.
Model building, refinement and analysis
Model building was done with O (Jones et al., 1991) , supported by programs and scripts from the Uppsala Software Factory (Kleywegt et al., 2000) . Initial re®ne-ment of the model was done with CNS_Solve (Bru È nger et al., 1998) . A rigid-body re®nement was performed on the raw model, built initially into the solvent¯attened density from SHARP. Rigid-body re®nement of individual helices, b-strands and loops followed with CNS_Solve. This was followed by a torsion angle dynamics, Cartesian dynamics, and ®nally Powell-minimization re®nement of the coordinates. Rebuilding in O and further re®nement of coordinates and B-factors with TNT (Tronrud et al., 1987; Tronrud, 1992 Tronrud, , 1996 were then alternated, keeping strict non-crystallographic symmetry, until at a resolution of 1.7 A Ê an R-factor of 0.23 was reached. Averaging of electron density maps was done using the GATHER MAP routine from TNT. At this stage we switched to use of restrained non-crystallographic symmetry and ultimately to unrestrained re®ne-ment except for residues 300 to 303, which otherwise behaved badly. Water molecules were added where they were stereochemically plausible, and the 2F o À F c and F o À F c difference Fourier maps showed a density of R cullis AEj(F PHobs À F P ) À F H j/AEjF PHobs À F P j and the phasing power is hF H i/hF PHobs À F PHcalc i where F PHobs is the observed heavy atom structure factor, F PHcal is the calculated heavy-atom structure factor, F P is the protein structure factor and F H is the heavy atom structure factor. more than 0.8 s and 4.0 s, respectively. One metal ion was built at a location where the electron density was too high to be explained by water. Weights for geometric parameters and the correlation of thermal factors were adjusted to obtain a model that followed their behavior in well-re®ned high-resolution studies (Tronrud, 1992) . Bond lengths and angles for L-rhamnose and L-rhamnitol were derived from a model for rhamnitol deposited in the Cambridge Structural Database (Access Code GAPRHM10; Takagi & Jeffrey, 1977) .
Surface accessibility calculations were carried out with AREAIMOL (Collaborative Computing Project Number 4, 1994) using a probe radius of 1.4 A Ê . Figures of the models were created using MOLSCRIPT (Kraulis, 1991) .
Inhibitor soaks, substrate and metal ion soaks
From a 100 mM aqueous solution of the respective compound, 1 ml aliquots were added directly to the protein drop and allowed to equilibrate for 2 to 48 hours before X-ray data collection.
Deposition of coordinates
The coordinates for the re®ned``native'' structure and the complexes with L-rhamnitol and L-rhamnose plus Mn 2 have been deposited in the RCSB Protein Data Bank for release prior to publication (Identi®cation codes ID8W, 1DE5, 1DE6).
